
 

 
 

 
 

warwick.ac.uk/lib-publications 
 

 
 
 
 
Manuscript version: Author’s Accepted Manuscript 
The version presented in WRAP is the author’s accepted manuscript and may differ from the 
published version or Version of Record. 
 
Persistent WRAP URL: 
http://wrap.warwick.ac.uk/145482                                                                         
 
How to cite: 
Please refer to published version for the most recent bibliographic citation information.  
If a published version is known of, the repository item page linked to above, will contain 
details on accessing it. 
 
Copyright and reuse: 
The Warwick Research Archive Portal (WRAP) makes this work by researchers of the 
University of Warwick available open access under the following conditions.  
 
Copyright © and all moral rights to the version of the paper presented here belong to the 
individual author(s) and/or other copyright owners. To the extent reasonable and 
practicable the material made available in WRAP has been checked for eligibility before 
being made available. 
 
Copies of full items can be used for personal research or study, educational, or not-for-profit 
purposes without prior permission or charge. Provided that the authors, title and full 
bibliographic details are credited, a hyperlink and/or URL is given for the original metadata 
page and the content is not changed in any way. 
 
Publisher’s statement: 
Please refer to the repository item page, publisher’s statement section, for further 
information. 
 
For more information, please contact the WRAP Team at: wrap@warwick.ac.uk. 
 

http://go.warwick.ac.uk/lib-publications
http://go.warwick.ac.uk/lib-publications
http://wrap.warwick.ac.uk/145482
mailto:wrap@warwick.ac.uk


Evaluation of Hybrid Dedicated/Ambient EH for
AF Relaying

Yulin Zhou, Erik Kampert, Yunfei Chen, Matthew D. Higgins

Abstract—In this letter, three hybrid simultaneous wireless
information and power transfer (SWIPT)/ambient energy har-
vesting (EH) structures are analyzed for a relay node harvesting
power from both a source node and the ambient environment.
The EH structures are based on an ambient energy channel
estimation power splitting scheme (ACEPS), an ambient energy
data transmission power splitting scheme (ADTPS), and an
ambient energy combination power splitting scheme (ACPS).
Closed-form expressions of the achievable rates are derived.
Numerical results are demonstrated to obtain the best proportion
from these different schemes.

Index Terms—AF relaying, Ambient RF, Energy Harvesting

I. INTRODUCTION

Radio frequency (RF) energy harvesting has been proposed
as a solution to powering relays [1]. The information signal
received by the relay is forwarded to the destination using
the energy harvested from the source [2], or ambient RFEH
[3]. The ambient RF energy has a low power density between
0.2 nW/cm2 [4] and ∼ 1 W/cm2 [3], but it currently is
steadily increasing due to the boom of wireless communication
and broadcasting infrastructures, such as analogue/digital TV,
AM/FM radio, WiFi networks, and 4G/5G cellular networks
[5]. Historically, the ambient RF power density is more
powerful in urban areas and in the proximity of the power
sources (e.g., cell base station towers) [3]. This has inspired
us to develop structures that combine EH from a source with
ambient RFEH.

Current thinking in the community is dominated by either
considering the systems with relay RF ambient EH and
channel estimation without data transmission [6], or relay
merely harvested energy from the source without examining
the ambient energy [7]. In [8], the average output DC power
in ambient RF energy harvesting has been analyzed through
the effects of antenna directivity and antenna port number. To
improve the use of the energy harvested from the environment,
authors in [9] proposed an opportunistic routing which can
effectively reduce the delay and improve the transmission suc-
cess rate in energy-harvesting wireless sensor networks with
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dynamic transmission power. In [10], the authors optimized the
power allocation as a non-cooperative game with SWIPT in
small cell networks. More studies of EH relaying in vehicular
networks using distributed beamforming(DB) are intended to
learn the reliability and capacity of EH relaying. A DB-based
EH relaying scheme was proposed for vehicular networks in
[11]. Therefore, in this letter both are considered concurrently.
None of them has considered both ambient RFEH and source
EH.

Different types of wireless energy sources coexist in the
ambient. Also, most systems suffer from interference between
users, and the interference can be harvested as energy. For
the senor networks or cellular networks, the users are moving
all the time. Thus, wireless energy harvesting can significantly
elevate the energy performance and extend lifetime. Motivated
by these findings, this letter takes additional RF ambient
energy into account, thus increasing the amount of energy
harvested by the relay node. The information sent from relay
to destination uses the energy harvested from the source
and ambient environment without the relay’s own power.
Since ambient energy is out-of-band, the performance of the
communication link is independent of its power level, and its
system model value can be set at will. Based on the schemes
designed in [12], three hybrid structures are designed based on
a channel estimation power splitting scheme (CEPS), a data
transmission power splitting scheme (DTPS) and a combina-
tion power splitting scheme (CPS). The cumulative density
functions (CDFs) are derived. Then, the expressions for the
achievable rate (AR) are developed. The system performance
is investigated in terms of AR for different channel estimation
rates and power splitting ratios.

II. SYSTEM MODELS

In this section, the three system models Channel estimation
power splitting scheme with ambient energy (ACEPS), Data
transmission power splitting scheme with ambient energy
(ADTPS), and Combination power splitting scheme with am-
bient energy (ACPS) are explained in details. The system
structures examined in this letter are shown in Fig.1. Under
the AF relaying frame, there is one source (S), one relay (R)
and one destination (D). Each system works in half-duplex
mode with a single antenna. Two hops are included in the
transmission: SR and RD. The distances between source and
relay, relay and destination, and source and destination are
denoted as dsr, drd, dsd, respectively. The fading gains for
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Fig. 1. AF relaying network.
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Fig. 2. (a) Channel estimation power splitting scheme with
ambient energy (ACEPS); (b) Data transmission power split-
ting scheme with ambient energy (ADTPS); (c) Combination
power splitting scheme with ambient energy (ACPS).

different structures in the channel between the source and the
relay, h1, h2 and h3, and between the relay and the destination,
g1, g2 and g3, are complex Gaussian with mean zero and
variance 2θ2. Fig. 2(a), 2(b) and 2(c) display the ACEPS,
ADTPS and ADTPS scheme with power splitting ratio ρ1,
ρ2, ρ3 and $1, $2, $3 pilots for the channel estimation,
respectively.

In the first hop, the received pilot signals for EH are [12]

yr(im) =

√
(1− ρm)Psm

dsr
e hmx[im] + nm1

(im) (1)

where m = 1, 2, 3 represent the ACEPS; ADTPS and ACPS
scheme, respectively; i1 = 1, 2, . . . , $1; i2 = 1, 2, . . . , D −
$2; i3 = 1, 2, . . . , D; Psm is the transmission power of the
source, e is the path loss exponent, x[im] is the transmitted
pilot symbol with unit power E{| x[im] |2} = 1, and nm1

(im)
is the complex additive white Gaussian noise (AWGN) with
zero-mean and noise power Nm1 .

Thus, the harvested powers at the relays for use in trans-

mission are

ˆPtpm =


ηPs1
dsreD

|ĥ1|
2
(1− ρ1)$1 +

ηPap1
D (a)

ηPs2
dsreD

|ĥ2|
2
(1− ρ2)(D −$2) +

ηPap2
D (b)

ηPs3
dsreD

|ĥ3|
2
(1− ρ3)D +

ηPap3
D (c) (2)

where ĥm = hm + εm1
is the estimate of hm, and ε11,31 =

Σ
$1,3
j1,3=1n11,31[j1,3]

$1,3

√
Ps1,s3
dsre

; ε12 =
Σ
$2
j2=1n21[j2]

$2

√
ρ2Ps2
dsre

are the estimation errors.

Papm is the out-of-band ambient RF energy harvested by the
relay node, and η is the conversion efficiency of the energy
harvester.

For the second hop, the received data signals at the desti-
nation are written as [12]

yd[km]=√
Ptpm
drd

e gmâmvar [

√
zmPsm
dsr

e hmx[km] + nm1(km)]+nm2 [km]

(3)
where km = $m + 1, ....., D, where Prm is the power
preserved at mth relay, nm2

[jm] is AWGN with zero-mean
and noise power Nm2 , z1 = 1; z2 = ρ2; z3 = ρ3, drd is the
distance between relay and destination, and the amplification
factor can be written as â2

mvar = 1
Psm | ˆhm|2

dsre
+Nm1

. The channel

gain in the second hop is estimated as ĝm =
√

Prm
ˆPrm
gm+εm2

,
where Prm is the power preserved at the mth relay, and
εm2 =

Σ$mjm=1nm2
[jm]

$mâmvar

√
Prm
drd

e

are the estimation errors. At the

destination, the received data symbols at the destination in
the direct link can be expressed as

yd[km] =

√
Psm
dsd

ehsdx[km] + nsd[km] (4)

where dsd is the distance between source and destination, and
nsd[km] is the complex AWGN with mean zero and noise
power Nsd.

III. END-TO-END SNR
Using the end-to-end SNRs of the ACEPS, ADTPS and

ACPS structures can be written as

γendm =
E[|
√

ˆPrm
drde

ĝmâmvar

√
zmPsm
dsre

ĥmx[jm1 ]|
2

]

Um
(5)

where Um = E[|
√

ˆPrm
drde

ĝmâmvar

√
zmPsm
dsre

εm1
x[jm1

]|
2

] +

E[|
√

ˆPrm
drde

ĝmâmvarnm1
[jm2

]|
2

] +

E[|
√

ˆPrm
drde

εm2
âmvarnm1

[im]|
2

]

+E[|nm2
[jm2

]|2]+E[|
√

ˆPrm
drde

√
zmPsm
dsre

ĥmâmvarεm2
x[jm1

]|
2

]

+E[|
√

ˆPrm
drde

√
zmPsm
dsre

âmvarεm1
εm2

x[jm1
]|

2

]+E[|nm2
[jm2

]|2]

and z1 = ρp; z2 = ρd; z3 = ρc, respectively.
Similarly, the instantaneous direct link SNR in (4) is

γsd =

Ps1
dsde
|hsd|2

Ps1
dsde

Var(εsd) +Nsd
=

Ps1
dsde
|hsd|2

Nsd
D +Nsd

. (6)



IV. ACHIEVABLE RATE ANALYSIS

A. ACEPS

ĥ1 and ĝ1 are needed; |ĥ1|
2

is an exponential random
variable with scale parameter λ11 = 1

2θ2+
dsreN11
$1ρ1Ps1

, and |ĝ1|2 is

an exponential variable with a scale parameter approximated
as

λ12 =
1

r1
(7)

where
r1 = 4θ4

2θ2+
|N11dsr

e|
$1ρ1Ps1

+ N12|DTdrde|λ11

$1
[

Ps1
dsre

η
Ps1
dsre

|1−ρ1|$1Tλ11

+
N11η

Ps1
dsre

|1−ρ1|$1T− Ps1
dsre

Pap1

(η
Ps1
dsre

|1−ρ1|$1T )2
(−e

λ11

η
Ps1
dsre

|1−ρ1|$1TPap1

(η
Ps1
dsre

|1−ρ1|$1T )2

Ei(−λ11
η
Ps1
dsre

|1−ρ1|$1TPap1

(η
Ps1
dsre

|1−ρ1|$1T )2
))].

By using the above expressions, the CDF of γend1 is

Pop1{γend1 < γ1th} = Fγend1 (γ1th)

=

∫ γ1thN11
m1ρpPs1

+
γ1thN11
Ps1

0

f|ĥ1|
2(|ĥ1|

2
)dy+∫ ∞

Ps1|ĥ1|
2− γ1thN11

m1ρp
−γ1thN11

F|ĝ1|2 [
b1
d1

(a1 + 2b1c1)d1 − b1(d1c1 + g1)

d2
1t+ d1(d1c1 + g1)

+

ac+b1c
2
1

d1c1+g1
d1

d1c1+g1
t2 + t

]f|ĥ1|
2(

t

Ps1
+

γ1thN11

m1ρpPs1
+
γ1thN11

Ps1
)d1t

(8)
The integral is too complicated to solve. We use

curve fitting of e
− 1

t+
d1c1+g1

d1 => [(0.17m1
−0.83 −

0.51)x0.15m1
−0.86−0.6e(−0.00516m1

−0.66−0.041)x + 0.9881]

and e
− 1

d1
d1c1+g1

t2+t
=> [(−0.178m1

−0.7289 −
0.27)x0.33m1

−0.97−1.68e(−0.00518m1
−0.838+0.0296)x + 1.002] to

simplify it. After curve fitting, the outage probability can be
derived as

Pop1 = 1− e
−λ12m1γ1thN12ρ1DTdrd

e

ρ1m1
2η(1−ρ1)m1T

Ps1
dsre

(
2θ2 + | N11

m1ρ1
Ps1
dsre
|
)e− γ1thN11+γ1thN11m1ρ1

2θ2m1ρ1
Ps1
dsre

+N11

(0.17m1
−0.83 − 0.51)α1 × (−0.178m1

−0.729 − 0.27)α2

Γ([(0.15m1
−0.86 − 0.6)α1 + (0.33m1

−0.97 − 1.68)α2] + 1)

z1
[(0.15m1

−0.86−0.6)α1+(0.33m1
−0.97−1.68)α2]+1

(9)
where a1 = γ1thN12N11DT + $1ρ1γ1thN12N11DT +
γ1th$

2
1ρ1N12DT ; b1 = $1γ1thN12ρ1DT ; c1 = γ1thN11

$1ρ1
+

γ1thN11; d1 = ρ1$1
3η(1 − ρ1)T ; g1 = ηρ1$1

2Pap1, where
α1 = λ12(a1+2b1c1)

d1
− λ12b1(d1c1+g1)

d21
,

α2 =
λ12(ac+b1c

2
1)

d1c1+g1
and z1 = [(0.15m1

−0.86 − 0.6)α1 +

(0.33m1
−0.97 − 1.68)α2] + 1 , z1 = [(0.00516m1

−0.66 +
0.041)α1+(0.00518m1

−0.838−0.0296)α2+ m1ρ1
2θ2m1ρ1Ps1+N11

].

B. ADTPS

ĥ2 is a complex exponential variable with scale parameter
λ21 = 1

2θ2+| dsr
eN21

$2Ps2
|

and ĝ2 has a scale parameter appoxi-

mated as

λ22 =
1

r2
(10)

where
r2 = 4θ4

2θ2+
|N21|dsre
$2Ps2

+N22|DTdrde|λ21

$2
[

Ps2
dsre

η
Ps2
dsre

|1−ρ2|(D−$2)Tλ21

+

N21η
Ps2
dsre

|1−ρ2|(D−$2)T− Ps2
dsre

Pap2

(η
Ps2
dsre

|1−ρ2|(D−$2)T )2
(−e

λ21η
Ps2
dsre

|1−ρ2|(D−$2)TPap2

(η
Ps2
dsre

|1−ρ2|(D−$2)T )2

(−λ21η
Ps2
dsre

|1−ρ2|(D−$2)TPap2

(η
Ps2
dsre

|1−ρ2|(D−$2)T )2
))].

Thus,

Pop2{γend2 < γ2th} = Fγend2 (γ2th)

=

∫ γ2thN21
m2Ps2

+
γ2thN21
ρdPs2

0

f|ĥ2|
2(y)dy = F|ĥ2|

2(y)dy∫ ∞
γ2thN21
m2ρdPs2

+
γ2thN21
Ps2ρd

F|ĝ2|2 [
b2
d2

+
(a2ρd + 2b2c2) d2ρd −

b2
ρd

(d2c2 + g2)

d22
ρd2

t+ d2
ρd

(d2c2 + g2)

+

a2c2+b2c
2
2ρd

d2c2+g2
d2

(d2c2+g2)ρd
t2 + t

]f|ĥ2|
2(

t

Ps2
+

γ2thN21

m2ρdPs2
+
γ2thN21

Ps2ρd
)d2t

(11)
where a2 = γ2thN21N22ρ2DTdrd

e +
γ2th$2N22N21DTdrd

e + γ2thN22$2
2DTdrd

e; b2 =
γ2thN22$2DTdrd

e; c2 = γ2thN21

$2
+ γ2thN21

ρ2
+ N21; d2 =

$2
2η(1− ρ2)(D −$2)T ; g2 = ηPap2$2

2.
The integral is too complicated to solve. We use curve

fitting of e
− 1

t+
ρd(d2c2+g2)

d => [(0.05254m2
−0.952 −

0.5023)x0.4533m2
−0.9616−0.6022e(

−0.04115m2−0.009699
m2+0.1776 )x + 1]

and e

− 1
d2

(d2c2+g2)ρd2
t2+t

=> [(−0.07916m2
−0.9075 −

0.3097)x0.1469m2
−0.8948−1.472e(−0.0199m2

−0.8146+0.08933)x +
0.9998] to simplify it.

Finally, the outage probability function can be written as

Pop2 = 1 + (ρ2 − 1) ∗ e
− γ2thN21ρ2+γ2thN21m2

2θ2m2ρ2
Ps2
dsre

+ρ2N21

− e
−λ12

γ2thN22m2DTdrd
e

m2
2η(1−ρ2)(D−m2)T

Ps2
dsre

(
2θ2 + |dsreN21

m2Ps2
|
) e− γ2thN21ρ2+γ2thN21m2

2θ2m2ρ2
Ps2
dsre

+ρ2N21

(0.053m2
−0.95−0.5)α3 × (−0.079m2

−0.91 − 0.32)α4

Γ((0.45m2
−0.96 − 0.6022)α3 + (0.147m2

−0.895 − 1.47)α4 + 1)

z2
(0.45m2

−0.96−0.6)α3+(0.15m2
−0.9−1.472)α4+1

(12)
where a2 = γ2thN21N22ρ2DTdrd

e +
γ2th$2N22N21DTdrd

e + γ2thN22$2
2DTdrd

e ;
b2 = γ2thN22$2DTdrd

e; c2 = γ2thN21

$2
+ γ2thN21

ρ2
+ N21;

d2 = $2
2η(1 − ρ2)(D − $2)T ; g2 = ηPap2$2

2,

also α3 =
ρ2λ22(

a2
ρ2

+2b2c2)

d2
− λ22b2ρ2(d2c2+g2)

d22
,

α4 =
λ22(a2c2+b2c

2
2ρ2)

d2c2+g2



and z2 = [(0.041m2+0.0097
m2+0.18 )α3 + (0.02m2

−0.82 − 0.089)α4

+ m2dsr
e

2θ2m2ρ2Ps2+ρ2N21dsre
].

C. ACPS

The PDF of |ĥ3|
2

is f|ĥ3|
2(x) = λ31e

−λ31x, and the CDF
is F|ĥ3|

2(x) = 1− e−λ31x, where λ31 = 1

2θ2+| N31dsr
e

$3ρcPs3
|
.

Furthermore, the PDF and CDF of |ĝ3|2 are given as
f|ĝ3|2(x) = λ32e

−λ32x and F|ĝ3|2(x) = 1− e−λ32x with

λ32 =
1

r3
(13)

where
r3 = 4θ4

2θ2+
N31dsr

e

$3ρcPs3

+ N32Tλ31[ 1
λ31η|1−ρc|$3T

+

N31η
Ps3
dsre

|1−ρc|$3T− Ps3
dsre

Pap3

(η
Ps3
dsre

|1−ρc|$3T )2
(−e

λ31η
Ps3
dsre

|1−ρc|$3TPap3

(η
Ps3
dsre

|1−ρc|$3T )2

Ei(−λ31η
Ps3
dsre

|1−ρc|$3TPap3

(η
Ps3
dsre

|1−ρc|$3T )2
))].

According to the expressions above, the CDF of γend3 can
be derived from (5) as

Pop3{γend3 < γ3th} =

Fγend3 (γ3th) =

∫ γ3thN31
ρcm3Ps3

+
γ3thN31
Ps3ρc

0

f|ĥ3|
2(y)dy+∫ ∞

γ3thN31
m3ρ

2
cPs3

+
γ3thN31
Ps3ρc

F|ĝ3|2 [
b3
d3

+
(a3ρc + 2b3c3)d3ρc −

b3
ρc

(d3c3 + g3)

d23
ρc2
t+ d3

ρc
(d3c3 + g3)

+

a3c3+b3c
2
3ρc

d3c3+g3
d3

(d3c3+g3)ρc
t2 + t

]f|ĥ3|
2(

t

ρcPs3
+

γ3thN31

m3ρ2
cPs3

+
γ3thN31

Ps3ρc
)d3t

(14)
The integral is too complicated to solve. We use

curve fitting of e
− 1

t+
ρd(d3c3+g3)

d => [(0.1154m3
−0.8571 −

0.4076)x0.1109m1
−0.8867−0.5188e(

−0.04452m3−0.03081
m3+0.6072 )x + 0.9883]

and e

− 1
d3

(d3c3+g3)ρd3
t2+t

=> [(−0.1138m3
−0.7688 −

0.4424)x0.2295m3
−0.7929−1.222e(−0.1211m1

−0.2713+1.951)x +
0.9995] to simplify it.

Finally, the outage probability function can be given as

Pop3 = 1−(ρc−1)e
−
γ3thN31

ρc
+γ3thN31m3ρc

2θ2m3ρc
Ps3
dsre

+|N31|

− e
−λ32γ3thN32m3DTdrd

e

m3
2ρcη(1−ρc)DTdrde

Ps3
dsre

(
2θ2+| N31

m3ρc
Ps3
dsre
|
)e−

γ3thN31
ρc

+γ3thN31m3ρc

2θ2m3ρc
Ps3
dsre

+|N31|

(0.12m3
−0.86−0.41)α5(−0.114m3

−0.77 − 0.44)α6

Γ((0.111m1
−0.89−0.52)α5+(0.23m3

−0.79−1.222)α6 + 1)

[z3](0.112m1
−0.89−0.52)α5+(0.23m3

−0.79−1.222)α6+1
.

(15)
where a3 = γ3thN31N32DT + γ3th$3ρ3N32N31DT +
γ3thN32ρ3$3

2DT ; b3 = γ3thN32$3DT ; c3 = γ3thN31

ρ23$3
+

γ3thN31

ρ3
; d3 = $3

2ρ3η (1− ρ3)DT ; g3 = η$3
2ρ3Pap3

with α5 =
ρcλ32(

a3
ρc

+2b3c3)

d3
− λ32b3ρc(d3c3+g3)

d23
, α6 =

λ32(a3c3+b3c
2
3ρc)

d3c3+g3
and z3 = (−0.045m3−0.031

m3+0.6072 )α5+(−0.12m1
−0.27+

1.95)α6− m3

2θ2m3ρc
Ps3
dsre

+N31

.

Thus, the achievable rate without a direct link is derived as

ARm = (1− Fγendm (γmth))× (
D −$m

D
) (16)

and the achievable rate with a direct link is derived as

ARmd = [1− Fγendm (γmth)Fγsd(γmth)]× (
D −$m

D
).

(17)

V. NUMERICAL RESULTS AND DISCUSSION

In this section, simulation results are discussed. First, we
have fixed Ps1 = Ps2 = Ps3 = 1; η = 0.5, D = 100, N11 =

N12 = N21 = N22 = N31 = N32 = 1, and defined γ1 = |h|2
2σ2

as the instantaneous SNR of the SR link, and γ2 = |g|2
2σ2 as the

instantaneous SNR of the RD link, where g1 = g2 = g3 = g,
and h1 = h2 = h3 = h. Based on [3], the ambient RFEH is
defined as PARF = Sba × Areal, Areal ≈ G(f0)λ0

2

4π , where
Sba is the banded input RF power density in W/cm2, that is
calculated by summing all the spectral peaks across the band,
Areal is the real aperture (or capture area) of the antenna, λ0

is the free-space wavelength at the midband frequency f0 and
G(f0) is the rectenna’s antenna gain at f0.

From [3], by using the GSM1800 Tape protocol, the max-
imum power achieved is W/cm2 and the maximum power
density is approximately 450 nW/cm2. Therefore, we assume
the out-of-band ambient RF energy harvested at the relay node
is constant, Pap1 = Pap2 = Pap3, and has a value of 0.0003
[3].

A. Achievable Rate Evaluation

Fig. 3, Fig. 4 and Fig. 5 display the relationships between
the achievable rates and the power splitting ratios when γ1 and
γ2 are both fixed at 10 dB. For ACEPS in Fig. 3, the AR first
increases and then decreases when $1 or ρ1 increases. In this
case, it can be observed that the optimal values are $1 = 15
and ρ1 = 0.3, and the maximum AR is around 0.545.

For ADTPS in Fig. 4, it can be observed that the AR first
increases and then decreases when $2 increases. Moreover,
the AR always monotonically decreases when ρ2 increases.
Thus, in this case, the only optimal value is $2 = 40, and
the maximum AR is around 0.72. Thus, the performance of
the ADTPS structure can only be optimised through by the
number of pilots.

For ACPS in Fig. 5, we compared the simulation result with
the analytical result and we can see they match with each other
very well, which has proved the validity of the scheme. Also
it can be seen that the AR first decreases and then increases
when ρ3 increases. In this case, it can be observed that the
optimal value is ρ3 = 0.8, and the maximum AR is around
0.5.

From these results, it can be recognised that the ACPS
structure has the largest achievable rate, and thus the best
performance among the three proposed structures. It assigns
more power the pilots to improve channel estimation, at the



Fig. 3. Achievable rate of ACEPS with a direct link, versus the
power splitting ratio ρ1 and number of pilots m1, when γ1

and γ2 are fixed at 10 dB and 10 dB.

Fig. 4. Achievable rate of ADTPS with a direct link, versus
the power splitting ratio ρ2 and number of pilots m2, when
γ1 and γ2 are fixed at 10 dB and 10 dB.

expense of less harvested energy. When comparing Fig. 3, Fig.
4 and Fig. 5 with the results in [12] under the same conditions,
the hybrid structures have a significant improvement.

VI. CONCLUSIONS

In this letter, three improved hybrid SWIPT/ambient EH
structures have been investigated. Numerical results have ver-
ified the optimal values for the different structures. When the
data packet size is constant, the hybrid EH schemes have a
better performance than using the energy from the source only
ACPS has the best capabilities.
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